urations at nanometer to micron scales ranging from wires, 28 into the ultrafast thermal-electrical-mechanical dynamics of
torsional mode that generates a 50% greater electric potential gradient than that resulting 23 from the flexural mode. Understanding of the time-dependence of these mechanisms on 24 ultrafast scales has significant implications for development of new materials for nanoscale power generation. urations at nanometer to micron scales ranging from wires, 28 belts, springs, rings, bows, and helices. ZnO has remarkable 29 semiconducting and piezoelectric (PZ) properties, which have 30 traditionally formed the basis for its use in electromechanically 31 Figure 1 shows the setup for the ultrafast CDI experiments, 73 which we performed at beamline 7-ID-C at the Advanced 74 Photon Source (APS). ZnO nanocrystals on a SiO 2 substrate 75 (see Methods) were placed on a sample stage at the center of a 76 diffractometer. A laser system (Duetto, time-bandwidth) with a 77 repetition rate of 6.5 MHz was used to generate ∼10 ps 1064 78 nm optical pulses. The output of the laser is frequency tripled 79 to 355 nm for above-band gap excitation with an incident laser 80 flux of 1.16 mJ/cm 2 . Optical pulses were synchronized to the X-81 ray pulses of the APS and timed electronically to arrive at the 82 sample at specified temporal offsets from the probe X-ray 83 pulses. The X-ray pulses were focused by a Kirkpatrick−Baez 84 (K−B) mirror pair to a 50 μm spot on the sample with a 85 transverse coherence length of 10 μm, larger than individual 86 crystals. The APS was operated in 24 bunch mode with a 87 temporal spacing of 153 ns between X-ray pulses, which 88 matched the laser repetition rate. The X-ray photon energy was 89 set to 9.0 keV using a diamond (111) To gain an overall picture of the dynamical response of the 109 material, we performed continuum multiphysics simulations to 110 complement the experimental observations. The X-ray imaged 111 crystal structure was used as an input to the simulation model. Optical pulses (red) arrive at the sample first, perturbing the ZnO nanocrystal. Coherent X-ray pulses generated from the APS (blue) arrive after a controllable delay. The diffracted X-ray pulses are recorded by an ASI Timepix detector. The crystal structure recovered from the diffraction data was imported into the continuum model. (Figure 2h ), which matches reasonably well with the 171 experiment.
Nano Letters

172
To identify the homogeneous rotational deformation modes 173 in the crystal, we perform an eigenmode analysis 24 on the 174 simulated crystal (see Supporting Information Figure S3 Figure 5a shows the time (Figure 5f ). This torsional 257 mode is associated with the highest strain energy in the crystal 258 ( Figure 5g ). Figure 5h shows the crystal distortion associated 259 with the ∼2.2 GHz mode obtained from an eigenfrequency 260 analysis in COMSOL, which correlates directly with the spatial 261 distribution of the electric potential generated in the crystal 262 upon pulsed laser excitation (Figure 5b−e) . Figure 5i shows the 263 relative electric potentials on the axial plane of the crystal of the 264 different fundamental modes as obtained from the eigenvalue 265 analysis. Compared to the flexural mode, the potential gradients 266 across the ZnO crystal are seen to be 50% higher (Figure 5j,k Finite Element Simulation. An exposed surface of ZnO (see 308 Figure S1 ) is heated with a 50 ps pulsed laser of 96 mW every 309 150 ns. The heat power is chosen to reproduce the 310 experimental laser fluence of 1.16 mJ/cm 2 , such that the 311 energy delivered to the nanocrystal over the heating cycle is the 312 same (2.9239 nJ). The laser absorption coefficient is taken to 313 be 0.5 in our calculations, considering the spectral emissivity of 314 ZnO coatings at the pump laser wavelength of ∼350 nm. 
